Methods for Reliable Teleportation 
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Recent experimental results and proposals towards implementat ion of quantum teleportation 
are discussed. It is proved that reliable (theoretically, 100% probability of success) teleportation 
cannot be achieved using the methods applied in recent experiments, i.e., without quantum systems 
interacting one with the other. Teleportation proposal involving àtoms and electro-magnetic cavities 
are reviewed and the most feasible methods are described. In particular, the language of nonlocal 
measurements has been applied which has also been used for presenting a method for teleportation 
of quantum states of systems with continuous variables. 



I. INTRODUCTION 

Teleportation is "... apparently instantaneous trans- 
portation of persons etc, across space by advanced tech- 
nological means" [0. Recently, Bennett, Brassard, Cre- 
peau, Jozsa, Peres, and Wootters (BBCJPW) p| pro- 
posed a gedanken experiment which they called "quan- 
tum teleportation" . Many proposals were suggested and 
a few real experiments ||,^]]4| were performed inspired by 
the BBCJPW work. However, an experiment, demon- 
strating a reliable (i.e., 100% successful, given ideal de- 
vices) teleportation of an unknown state of an external 
quantum system has not been performed yet. In this pa- 
per we prové that the methods used in the current exper- 
iments cannot lead to reliable teleportation and discuss 
other proposals for teleportation. 

Quantum teleportation transports the quantum state 
of a system and/or its correlations to another system. 
The state is disintegrated in one place and a perfect 
replica appears at a distant site. The state or its com- 
plete description is never located between the two sites 
during the transportation. The teleportation procedure, 
apart from quantum channels (prepared in advanced), 
rcquires telegraphing surprisingly small amount of infor- 
mation between the two sites. All these properties jus- 
tify the name "teleportation" for the BBCJPW proce- 
dure. Note that telegraphing classical information can- 
not be instantaneous. Therefore, teleportation cannot 
be instantaneous too. This, however, is not surprising, 
since quantum states can carry information and special 
relativity does not allow instantaneous transmission of 
signals. 

The organization of this paper is as follows. Section 



III 



U reviews the original teleportation method. Section 
is devoted to the proof that without interaction between 
"quantum" objects the measurement of the nondegener- 
ate Bell operator, which is the core of the original pro- 
posal, cannot be performed. Section |y| analyzes tele- 
portation methods which use quantum-quantum interac- 
tions, in particular, a method based on nonlocal mea- 
surements [^j . In Section ^ we discuss arguably a morc 
promising experimental proposals for reliable teleporta- 



tion including implementation of "crossed" nonlocal mea- 
surements scheme for for teleportation of quantum states 
of àtoms. In Section VI we discuss proposals for telepor- 
tation of quantum states of continuous variables. Section 
VII presents a discussion which concludes the paper. 



II. 



THE ORIGINAL BBCJPW TELEPORTATION 
PROCEDURE 



Let us start with the analysis of teleportation of a 
quantum state of a two-level system. The states under 
discussion are: spin states of a spin-^ particle, ||) and ||), 
polarization states of a photon, |<->) and ||), the states of 
a photon in a two-arm interferometer, \a) and |6), ground 
and excited state of an atom (or ion), \g) and |e), photon 
number states of a microwave cavity, |0) and |1). Math- 
ematically, there is no difference between the analysis of 
various two-level systems. For the present analysis, fol- 
lowing the tradition, we will use spin states, in spite of 
the fact that this is the only system from the list above 
for which there is no proposal for a real experiment. 

The original BBCJPW teleportation procedure consist 
of three main stages: 

i) Preparation of an EPR pair 



|£Pií) = -L(|T)U)-U>lí>)- 
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ii) Bell-operator measurement performed on the "in- 
put" particle and one particle of the EPR pair. Bell 
operator has the following eigenstates: 
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iii) Transmission of the outcome of the Bell measure- 
ment and appropriate unitary operation on the second 
particle of the EPR pair (the "output" particle). The 
possible operations are: nothing in the case of l^-) and 
7r rotations around x, y, and z axes for the there other 
outcomes. 

Completing (i)- (iii) ensures transportation of the pure 
state of the input particle to the state of the output par- 
ticle. It also ensures transportation of correlations: if 
the input particle were correlated to other systems, then 
the output particle ends up correlated to these systems 
in the same way 

Unitary operations can be performed more or less ef- 
fectively on all systems. (The operations on quantum 
states of a microwave cavity can be performed indirectly 
through a manipulation of atòmic state and the inter- 
change of the states of the atom and the cavity.) Prepa- 
ration of the EPR pair is also achievable (with various 
levels of difhculty) for all systems. The main difhculty is 
performing the Bell measurement. 

III. BELL-OPERATOR MEASUREMENT 
WITHOUT INTERACTION BETWEEN 
QUANTUM SYSTEMS 

We shall prové here that it is impossible to per- 
forin complete (nondegenerate) Bell-operator measure- 
ment without using interaction between quantum sys- 
tems. We allow any unitary transformation of single 
particle states and we are allowed to perform any local 
single-particle measurement. 

According to the Standard (von Neumann) approach, 
the measurement procedure can be divided into two 
stages: the unitary linear evolution and local detec- 
tion. There are four distinct (orthogonal) single-particle 
states which are involved in the defmition of the Bell 
states: there are two channels, and a two-level sys- 
tem enters into each channel. We name the channels 
left (L) and right (R) corresponding to the way the 
Bell states (0) are written, i.e., in the explícit notation, 
|*_) = {1/V%{\])l\Ï)r ~ \Ï)l\])r). The general form 
of the unitary linear evolution of the teleportation pro- 
cedure for the four states can be written in the following 
form: 

|T>l -$>!*>' 
Ií>l-5>I*>, 

|í>*-$>|*>, (3) 

where {\i)} is a set of orthogonal single-particle local 
states. The "linearity" means that the evolution of the 
particle in one channel is independent on the state of the 



particle in the other channel and therefore Eq. (H) is 
enough to define the evolution of the Bell states: 

ij 

i*+>-Ç/%i;>ii>, 

|l>->^$>;K>ij>, (4) 

i,3 

In the right hand side the sum is on all different pairs 
and the order is irrelevant. States of distinguish- 
able partides correspond to different \i)s. If the partides 
are identical, \i)\j) signifies properly symmetrized states 
(1/V2)(|*> 1 U·> 2 ± b->xl*> 2 ). 

We assume that we have only local detectors, there- 
fore, only the product states \i)\j) (and not their super- 
positions) can be detected. Measurability of the nonde- 
generate Bell operator means that there is at least one 
nonzero coefHcient of every kind , /3jj , jij , Sij and if , 
for a certain it is not zero, then all others are zero. 

If the partides entering the two channels are not iden- 
tical, then there are strong restrictions on the unitary 
evolution (^) which follows from the fact that the parti- 
des do not change their identity: 
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The equations for coefhcients of the decomposition of the 
Bell states after the unitary evolution are as follows. 
For i = j we have 

&idi b^Cï , 

fiu = didi + biCi, 

la = a%Ci - hdi, (6) 
fia — diCi -\- bidi 7 

but from (j^) we immediately obtain 

otu = Pií = ~iii = Sa = 0. (7) 

For i / j we have 

ctij — a^dj + djdi — (biCj + bjCi), 

fa = <i,d, + ajdi + biCj + !>,<-,. 

jij = ciiCj + ajCi - (bidj + bjdi), (8) 

Sij — CLiCj + ajCi + bidj + bjdi. 

Let us assume that ^ and ctij ^ 0. Then, taking into 
account (^) and the requirement of the measurability of 
the Bell operator, we obtain 
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ctij = (i,d , - biCj ^ 0, 
Pij = didj + biCj = 0, 
bidj = 0, 



5ij 



(9) 



However, we can immediately see that this set of equa- 
tions does not have a solution. Since the equation are 
essentially symmetric relative to the various coefficients, 
we get the same result while choosing other nonzero co- 
efhcients. Therefore, we have proved the statement for 
distinguishable partides. 

In fact, the proof yields more than the unmeasurabil- 
ity of the nondegenerate Bell operator. We have proved 
that even a degenerate Bell states operator measurement 
which separates just one Bell state is impossible. Note, 
however, that degenerate Bell-state operator measure- 
ment which distinguishes one pair of Bell states from the 
other pair is possible. For example, measurements of the 
a z i and a Z 2 distinguishes between the pair of states 
(for both of which the two outcomes are different) and the 
pair of states |<ï>) (for which the two outcomes are identi- 
cal). Obviously, these are demolition measurements and 
we cannot continuo to measure the partides and specify 
all the Bell states. 

Let us turn to the analysis of Bell measurement on 
identical partides starting with bosons 0. Taking into 
account symmetrization, we obtain the equations (^J) and 
(|J) for the coefficients for different i,j also for this case, 
except for the overall factor l/y/2 in equations (@) (we 
remind that \i)\j) means (l/v / 2)(|i)i|j)2 + |j)i|*)a))- F° r 
bosons, however, we have no restrictions (5|) and there- 
fore, we cannot claim immediately that Eq. (|ï]) holds. 
The measurability of the nondegenerate Bell operator 
requires that for any given i at least three out of the 
coefficients au, Pa, ja, &u are zero. From equations (|^) 
it follows that the fourth coefhcient must be zero too and 
therefore we obtain Eq. (^) also for the identical bosons. 
Thus, using (0) again, we obtain 



hdi 



0. 



(10) 



Therefore, at least two coefficients out of four, are zero: 
either = 6; = or Cj = di = 0. 

Let us assume now ^ (and therefore /3y = 7^ = 
Sij = 0) and assume that = 6j = 0. Then, equations 
(B) become 



ati-j = !i,(l, - h,c, ^ 0, 
0ij = djdi + bjCi = 0, 



Ho 



a-jC. 



2^1 



b 3 di 



0, 



(11) 



5,ij = djCi + bjdi = 0. 



These equations, however, do not have a solution. It is 
easy to see that also for all other cases there are no Solu- 
tions which proves the statement for bosons. 



For bosons, in contrast with the case of non-identical 
partides, it is possible to measure degenerate Bell oper- 
ator which distinguishes two Bell states. When we con- 
sider degenerate Bell operator, it is not true anymore that 
at least three out of the coefficients au, Pa, 
zero. A particular solution js] |Ï0| allows to distinguish 
two out of four Bell states. The unitary linear transfor- 
mation is 



IT>L 

IT)fl 



^=(|l> + |3», 
-> + |4», 
->-|3», 
^(12) -14)), 



(12) 



and it leads to 

!*+>-> 
i$_ 
1*+ 



72(l 2 )l 3 ) 
^(|1)|2) 



|1)|4)), 
|3)|4)), 



I(|l)|l)-|3)|3)-|2)|2) + |4)|4)), 
|(|1)|1)-|3)|3) + |2)|2)-|4)|4)). 



(13) 



(Note again that symmetrization is not written explicitly. 
For example, |3)|4) means (1/V2)(|3)i|4) 2 + |4)i|3) 2 ).) 
This scheme can be realized in a laboratory for photon 
polarization states using a beam-splitter followed by po- 
larizing beam-splitters and four detectors [0, see Fig. 1. 

The most difBcult casc for the analysis is when 
the partides are identical fermions. Due to the 
(anti)symmetrization, Eq. ((7J) holds for any choice of bà- 
sic unitary evolutions (|3) and therefore we do not have 
equations analogous to (|) but only the analog of equa- 
tions (i): 



a>ij = d.'l , - 11 ,d, - (biCj - bjCi), 
Pij — a^dj ~ cijdi "T - bïCj bjCii 
jij = aiCj ~ ajCi - (bidj - bjdi), 



(14) 



üíCj — djCi + bidj 



bjd,. 



Again, measurability of the nondegenerate Bell operator 
means that there is at least one nonzero coefhcient of ev- 
ery kind aij , /3ij , jij , 5y and if, for a certain i,j, it is not 
zero, then all others are zero. Thus, we can obtain from 
( JÏ4| ) the following equations: 

If the detection of \i)\j) signifies finding l^-) or |\&+), 
i.e., a^ or [3ij are not zero, then 



Q>i £i bi dj 



(15) 
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Fig. 1. A scheme for the Bell operator measurement which 
distinguishes two out four Bell states. The beam-splitter BS 
performs (up to irrelevant phases) interaction (^), where for 
the input states: ||) = |<->), j) = |), and for the output 
states: |1> = |<->)i, |2> = |3> = \~)r |4) = |J>h. The 

polarization beam-splitters PBS transmit horizontal polariza- 
tion and reflect vertical polarization. In this configuration 
each detector Di detects the state The outcomes (2,3) 
and (1,4) signifies detecting of l^-), while (1,2) and (3,4) 
signifies detecting of 1^+). The outcomes (1,1), (2,2), (3,3) 
and (4,4) correspond both to the detection of and to 

the detection of |$+) which cannot be distinguished in this 
scheme. 

If the detection of \i)\j) signifies finding |$_) or |$+), 
i.e., 7,j or Sij are not zero, then 

üi di bi C{ 



(16) 



or j3ij 7^ 0. Then, from ( |Ï4| ) follows that vanishing co- 



efficients might appear only in pairs: aj 



or 



bj = dj = 0. Similarly, since \k)\j) corresponds to find- 



= dj = or bj 



0. 



ing |$), we might have either aj 
Therefore, if one coefncient vanishes then all coefficients 
vanish, which is impossible. Therefore, the denominators 
in equations (15) andjïjj) do not vanish. We can always 
find an equality in (|15[) which is not = and we can 
divide corresponding inequality in (]TÏ]) by the equality. 
We obtain 



a k , c fc b k d k 

di Ci Oi (li 



Similarly, dividing the inequality from (|j 
ity from (jï^) leads to 



(18) 



by the equal- 



a. 



dk 



Ci ' 



(19) 



From equation ( |18|) follows that \i)\k) corresponds to 
finding |$) while equation (jï^) yields that |i)|fc) corre- 
sponds to finding | "J) . This contradiction ends the proof 
that it cannot be that \i)\j) corresponds to finding |^), 
while \k)\j) corresponds to finding |$). 

We have shown that if detecting corresponds to 

finding while detecting |fc)|m) corresponds to finding 
|$) then all four states \ j), \k), \m) are differcnt. From 
equation ( |Ï5| ) and equation ( p~7[ ) , with index m instead of 
j, we always can find an equality and the inequality for 
the same type of coefficients. For example, 



a j 



U>rn. Cm. 



(20) 



Thus, there must be at least one out of the following 
inequalities 



The equations (|Ï5|), ( |Ï6| ) are vàlid provided there are no 
vanishing denominators. 

Let us first prové that there cannot be a "common" 
state in the product states corresponding to finding I*?) 
(+ or — ) and |$) (+ or — ). Let us assume the opposite, 
that, say, corresponds to finding \^f), while \k)\j) 

corresponds to finding |$). Then we have equations ( p^| ) 
as they are and equation ( p^ ) with index k instead of i: 



Ofc _ dk_ ^ bk_ _ Çk_ 



(17) 



First, we will see that there cannot be zero in any of the 
denominators in equations ( [Ï5| ) and (|Ï7|), i.e., that none 
of the coefficients with index j vanish. From the fact that 
for the indices {i, j} exactly one equation out of ([Ü]) docs 
not vanish follows that the two coefficients of the same 
kind, e.g., ai, aj cannot vanish simultaneously. The same 
is true for the indices {k,j}. Since \i)\j) corresponds to 
finding we must have jij — Sij — and ^ 



Qi% , Ci CLj . Cj 

ï — , or 



a k 



(21) 



Therefore, either |z)|m) or \k)\j) corresponds to detection 
of | $) . This contradicts what we have proved above, since 
\i)\j) corresponds to detection of We have proved 
that also for fermions it is impossible to measure nondc- 
generate Bell operator without interaction between two 
quantum systems. 

Note that nondegenerate Bell operator measurement 
which allows to distinguish two out of four Bell states 
can be performed. In fact, it can be done in the same 
way as with bosons. The single-particle transformations 
( |Ï2| ) leads (instead of ([ï^) for bosons) to 



|$_) 
l*+> 



♦^(|1>|2>-|3>|4>), 
*^(|3)|2)-|1)|4)), 

^(-|1)|3)-|2)|4)), 

^(-|1)|3) + |2)|4>). 



(22) 
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(Again, the symmetrization is not written explicitly, e.g., 
|3)|4) means (l/v / 2)(|3)i|4) 2 -|4) 1 |3) 2 ). We see that find- 
ing in the final measurement |1)|2) or |3)|4) signifies de- 
tecting of |^_) whilc finding in |3)|2) or |1)|4) signifies 
detecting of States |1)|3) and |2)|4) correspond to 

both |$_) and |$+) which cannot be distinguishcd in tiris 
scheme. (Slight modification of this method is requircd 
for distinguishing any other two out of four Bell states.) 



IV. TELEPORTATION USING INTERACTION 
BETWEEN QUANTUM SYSTEMS 

If we allow interaction between quantum partides we 
can achieve reliable (100% efficient teleportation). In this 
case we can perform measurement of the nondegenerate 
Bell operator, or we can use the method of "crossed" 
nonlocal measurements H. 

For measurement of the Bell operator consider the in- 
teraction between the partides, say, according to the fol- 
lowing rule: 

lt)lí> - IT)I4), 
lt)U> - IT>lt>, 

I4)lí) - U>IT>, (23) 
14)14)^14)14)- 

This interaction is a "conditional spin flip" . It transforms 
the Bell states (0) to product states 



*->- 


->> 


-|4))lí), 




*+) - 


->> 


+ I4))lí), 




$_)- 


->> 


-I4))l4), 


(24) 


<&+)- 




+ I4))I4), 





which can be measured by local detectors. Note that the 
conditional spin flip ( p3| ) is equivalent (in another bases) 
to the conditional phasc flip: 



I T> I T> — - 1 T> I T> , 
014)^-14)14), 
I4)IT)-I4)lí), 
14)14)^14)14)- 



(25) 



This is so when we use the x direction (instead of z) for 
the spin of the second particle. This interaction is nonlin- 
ear in a sense that one quantum system changes its state 
depending on the state of another quantum system. 

In a slightly different method for Bell measurement, 
the two partides do not interact one with the other but 
both interact with an auxiliary quantum particle. Con- 
sider consecutive interactions of the two partides with a 



spin— i particle prepared initially in the state |t). Each 
interaction is described by (^3|) when the second terms in 
the products signify the spin states of the auxiliary par- 
ticle. This operation allows to distinguish between |\E') 
and |$) states. Indeed, each of the l'í) states leads to the 
flip of the spin of the auxiliary particle, while each of the 
|$) states does not. In order to distinguish between \ty _) 
and (or between |$_) and |<&+)) we have to repeat 
the procedure, i.e. to perform the two consecutive mea- 
surements ( p3[ ) but now in the spin-x component bases. 

Another way to view the measurement procedure for 
Bell measurement described above is to consider it as 
consecutive measurements of two two-particle variables: 



(a íz + <7 2z )mod4, 
{<Jl x + er2:r)mod4. 



(26) 



(The spin components are measured in the units of i.) 
These two-particle variables are "local" since both parti- 
cle 1 and particle 2 are located at the same site, but these 
variables can be measured even if the partides located in 
spatially separated sites, in which case they called nonlo- 
cal measurements flÏ2| . A modification of nonlocal mea- 
surements when we "cross" the interactions with the two 
partides in time, leads to an alternative method of tele- 
portation ||. In order to teleport a quantum state from 
particle 1 to particle 2 and, at the same time, the quan- 
tum state of particle 2 to particle 1, the following (nonlo- 
cal in space-time) variables should be measured (see Fig. 
2): 



Z = 



o~i z (h) + cr 2z (í 2 ))mod4, 



) mod4. 



(27) 



For any set of outcomes of the nonlocal measurements 
( p7| ) the spin state is teleported; in some cases the state 
is rotated by it around one of the axes, but the resulting 
rotation can be infcrrcd from the nonlocal measurements. 
We can complete, then, the teleportation by the following 
transformations 



(28) 





7r rotation 


(0,0) 


y axis 


(2,0) 


x axis 


(0,2) 


z axis 


(2,2) 


no rotation 



In order to perform nonlocal measurements (|26j) or 
( p7| ) , correlated pairs of auxiliary partides located in the 
sites of particle 1 and 2 are required. For example, for 
measuring iu\ z + er 2z )mod4 a pair of spin-i partides in 
a singlet state is used. The local interaction (^3|) in each 
site between the particle in and the auxiliary particle 
from the singlet is performed (the second "ket"s in the 
product signifies the state of the auxiliary particle). Then 
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^2 

c>ix a. 



. O 02z 



on cr" 



O <*2x 
^2 



Fig. 2. Space-time diagram of "crossed" nonlocal measure- 
ments which result in two-way teleportation, i.e., swapping 
of the spin states. Space-time locations of local couplings are 
shown. When the nonlocal measurements (^) are completed, 
the states of the two partides are interchanged up to local ir 
rotations, signifies Í'í rotated according to table (|28[). 



a z measurement is performed on the auxiliary partides 
in both sites. If the outcomes are the same it means that 
just one auxiliary particle has been flipped, i.e., <j\ z and 
02 z are different and therefore {u\ z + CT2 z )mod4 = 0. If 
the outcomes are different, then either both or none of 
the auxiliary partides have been flipped and therefore 
0i 2 + a 2z )mod4 = 2. 



V. TOWARDS EXPERIMENTAL REALIZATION 
OF RELIABLE TELEPORTATION 

In recent experiments, which announced first imple- 
mentation of teleportation, the polarization state has 
been transported from one photon to another. The ex- 
periments performed in Innsbruck, pure state teleporta- 
tion H and correlated state teleportation B, have (the- 
oretical) success rate of 25%. A feasible modification of 
the experimental setup for the Bell-state analyzer (bring- 
ing it to the one described in Fig. 1) can increase the 
success rate of these experiments to 50%. However, due 
to lack of an effective photon-photon interaction, these 
experiments cannot be modified to reach 100% success 
as it was proved in Section 



rate, as it was proved in Section [II. Popescu [g_3[ has 
found an ingenious way to overcome this difficulty by us- 
ing polarization and location degrees of freedom of the 
same photon. Thus, the Rome experiment B which im- 
plemented his idea has (theoretically) 100% success rate. 
Unfortunately, this method works only for transportation 
of the polarization state prepared on a particle which is 
the local member of the EPR pair constituting the quan- 
tum channel between the two sites. It is not applicable 
for teleportation of an unknown state of an external par- 
ticle. 



Thus, it seems that the most promising candidates for 
teleportation experiment which might have 100% suc- 
cess rate are proposals which involve àtoms and electro- 
magnètic cavities. First suggestions for such experi- 
ments were made shortly after publication of the orig- 



inal teleportation paper 14-16 and numerous modifica- 
tions appeared since. The reason why implementation of 
these proposals seems to be feasible is that in this case 
"quantum-quantum" interaction between the system car- 
rying the quantum state and a system from the EPR pair 
exists. A dispersive interaction (Dl) of a Rydberg atom 
passing through a properly tuned micro-wave cavity leads 
to a conditional phase flip as in Eq. depending on the 
presence of a photon in the cavity. A resonant interaction 
(RI-7r) between the Rydberg atom and the cavity allows 
swapping of quantum states of the atom and the cavity. 
Thus, manipulation of the quantum state of the cavity 
can be achieved via manipulation of the state of the Ry- 
dberg atom. The atom state is transformed by sending 
it through appropriately tuned microwave zone. More- 
over, the direct analog of conditional spin flip interaction 
( p3| ) can be achieved through the Raman atom-cavity- 
field interaction jÏ7|]. No teleportation experiment has 
been performed yet using these methods, but it seems 
that the technology is not too far from this goal. About 
the progress in this direction one can learn from recent 
experiments on atom-cavity interactions |Ï8| ] . 

Until further progress in technology it is not easy to 
predict which proposal will be implemented first. As- 
suming that resonant interactions between àtoms and the 
cavity can be performed with a very good precision and 
that dispersive interaction is available with reasonable 
precision, the simplest way is to use the quantum chan- 
nel consisting of a cavity and a Rydberg atom in a cor- 
related state. A particular resonant interaction, RI-7T, of 
an excited atom passing through an empty cavity, 



|e)|0)->-^(| fl )|l) + |e)|0)), 



(29) 



prepares this quantum channel. 

The quantum state to be teleported is the state of 
another Rydberg atom. The Bell measurement is then 
performed on this atom and the cavity. An interaction 
between the atom and the cavity, the conditional phase 
flip via dispersive interaction, Dl, 



|e)|0) 

3>jl> — 

\g)\o) 
\g)\i) 



\e)\0), 
-\e)\l), 

\g)\Q), 
\p)\D, 



(30) 



disentangles the the following Bell states: 



l*±) 
l*±) 



l(| e )(|0)-|l))±| 5 )(|l) + |0)), 



e)(|0) + |l))±| ff )(|l)-|0) 



(31) 



G 



The Bell states have the form of Eq. |] when the first 
||) in the product is identified with |e), the second ||), 
with (l/\/2)(|0) + |1)), etc. Measurement of the atom 
state and the cavity state completes the Bell measure- 
ment procedure. 

In order to make the measurement of the cavity state 
we perforin another resonant interaction, RI-7r/2, be- 
tween the cavity an auxiliary atom prepared initially in 
the ground state, 



|S>|1> - |e>|0>, 
lff>|0> - |ff>|0>. 



(32) 



This interaction transfers the quantum state of the cav- 
ity to this atom. The final measurements on the àtoms 
distinguish between the states 



1 



V2 



(!<?> + |e», 



1 



V2 



(\9)-\e)). 



(33) 



Since detectors can distinguish between \g) and |e), the 
àtoms should rotate their states passing through the ap- 
propriate microwave zones before the detection. When 
the Bell measurement is completed, the quantum state 
is teleported up to the known local transformation de- 
termined by the results of the Bell measurement. The 
scheme for this teleportation procedure, apart from the 
final local transformation, is presented in Fig. 3. 

Another proposal for teleportation involving singlo 
cavity [Tïj ] is based on Raman interaction. This scheme 
does not require microwave zone interactions, but it re- 
quires additional atom for preparing the initial state of 
the cavity, (l/ v / 2)(|0) + |1)). A very recent single-cavity 
teleportation proposal ]Ï9| ] , which employs three-particle 
(cavity and two àtoms) correlated state, seems to be 
more complicated. The main advantage of this scheme, 
that it does not require measurement of the nondegener- 
ate Bell operator is not very important since quantum- 
quantum interactions are available and, consequently, the 
Bell measurement is not too problemàtic. On the other 
hand, the complications related to the preparation of the 
three-particle entanglement are significant. 

One of the relatively simple methods for "two-way" 
teleportation, i.e., swapping of quantum states of two 
separated àtoms, is a direct implementation of crossed 
nonlocal-measurement procedure presented in the previ- 
ous section. Two pairs of correlated micro-wave cavities 
are prepared as the two quantum channels. Preparation 
of such a channel requires consecutive resonant interac- 
tion of an auxiliary atom, prepared in the excited state: 
first, RI-7r/2 with the cavity in one site and second, RI-7T 
with the cavity in the other site, see Fig. 4a. 

In the second step, the atom in each site passes, inter- 
acting dispersively, through the cavities in the "crossed" 
order, see Fig. 4b. The dispersive interaction is given 
by Eq. (30) and it corresponds to measurement of <r 2 , 
because |f z ) flips the states of the cavity defined as 



| T )=J=(|0) + |1)), H) = -L(|0>_|1)). (34) 



This is the basis of the Bell states (|3^). Since we also 
have to make coupling to a x we have to rotate the state 
of the atom such that "ce" rotates to "z" before coupling 
with the cavity and rotate it back after the interaction. 




Rl- K/2 



(a) 




(b) 





D 



Rl- % 



(c) 



Fig. 3. Single-cavity teleportation of a quantum state of an 
atom. The final stage, the rotation of the state according to 
the results of the Bell measurement is not shown. 

(a) Preparation of the quantum channel. An atom passes 
through a cavity and sent to a remote site. Resonant inter- 
action RI-7t/2 given by ([^J) of the atom in the cavity creates 
the correlation. 

(b) The atom, carrying the quantum state to be teleported, 
passes through the cavity, microwave field zone R and is de- 
tected by the detector D. Dispersive atom-cavity interaction 
Dl given by ( [3(ï| ) disentangles the Bell states (|3Ï|). Microwave 
field zone R rotates the atom states (^) to \g) and |e) ac- 
cordingly, which are then distinguished by the detector D. 

(c) An auxiliary atom passes through the cavity in order to 
measure its state. Resonant interaction RI-7T transfers the 
states of the cavity to the atom. Then, the atom states are 
rotated in the microwave zone R and distinguished by the 
detector D. 
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Rl- 1í/2 



Rl- Tl/2 



(a) 



(b) 



Dl 



Dl 



x^z 



Dl 



Dl 



z^x 



x^z 




Rl- 71 




Rl- 71 




Rl- 71 




Rl- 71 



(c) 



Fig. 4. Two-way teleportation of quantum states of àtoms. 
The final rotations of the states of the àtoms according to the 
results of nonlocal measurements are not shown. 

(a) Preparation of the quantum channels. Atom in the ex- 
cited state makes resonant interaction RI-7r/2 with a cavity 
in one site and resonant interaction RI-7T with corresponding 
cavity in another site. Another atom makes the same inter- 
actions with the second pair of cavities. Each pair ends up in 
a correlated state (l/\/2)(|0) 1 1> + |1>|0». 

(b) Coupling of the àtoms with the quantum channels. An 
atom on each site passes through two cavities making disper- 
sive interactions Dl. In between, the àtoms pass through mi- 
crowave zones which make the appropriate rotations of their 
quantum states. 

(c) Local measurements of the quantum states of the cavities 
which yield the results of the nonlocal measurements. Aux- 
iliary àtoms pass through cavities in order to measure their 
states. Resonant interactions RI-7T transfer the states of the 
cavities to the àtoms. Then, the atom states are rotated in 
the microwave zones R and distinguished by detectors D. 



The third step, described in Fig. 4c, is the measure- 
ment of the states of the cavities in the basis (|34|). This 
stage, requires an auxiliary atom for each cavity. The 
resonant interaction transfers the correlated state of the 
pairs of cavities to the correlated states of the àtoms. 
Then the àtoms pass through microwave zones rotating 
their states before detection by the detectors which dis- 
tinguish between ground and excited states. These out- 
comes of these local measurements yield the result of the 
nonlocal measurements ( p7| ) which dctcrmine the final 
transformation to be performed on the àtoms (to be com- 
bined with z — > x rotation for the first atom which was 
left out, see Fig. 4b.). Completing all stages of the pro- 
cedure described above results in two-way teleportation. 

Note another (seemingly less economical) proposal for 
a two-way teleportation of atom states using interaction 
with cavities pf]| . It essentially doubles one of the origi- 
nal atom -cavity teleportation schemes 15 reusing àtoms 
which bring the quantum states for receiving the quan- 
tum states from the other site after "stripping" from 
them quantum information. Anyway, today the two-way 
teleportation is still a gedanken experiment, at least until 
one-way teleportation will be implemented. 

One difficulty with teleportation of atòmic states which 
should be mentioned is that usual experiments are per- 
formed with atòmic beams and not with individual àtoms. 
Such experiments might be good for demonstration and 
studying experimental difficulties for teleportation, but 
they cannot be considered as implementation of the orig- 
inal wisdom of teleportation or used for cryptographic 
purposes. In fact, optical experiments have this diffi- 
culty too, unless "single-photon" guns will be used. Both 
for àtoms and in the optical regime this problem does 
not seem to be unsolvable, but it certainly brings atten- 
tion to experiments with trapped ions, the experiments 
which individual quantum systems. There are many sim- 
ilarities between available manipulations with àtoms and 
with ions so the methods discussed above might be im- 
plemented for ion systems too. 



VI. TELEPORTATION OF CONTINUOUS 
VARIABLES 



In the framework of nonlocal measurements there is 
a natural way of extending the teleportation scheme to 
the systems with continuous variables ra]. Consider two 
similar systems located far away from each other and 
described by continuous variables q\ and qi with cor- 
responding conjugate momenta p\ and p2- In order to 
teleport the quantum state of the first particle \E'i(çi) to 
the second particle (and the state of the second particle 
^2(92) to the first) we perform the following "crossed" 
nonlocal measurements (see Fig. 5), obtaining the out- 
comes a and b: 
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O 9, 



0/> 2 



Fig. 5. Space-time diagram of "crossed" nonlocal mea- 
surements which result in two-way teleportation of quantum 
states of quantum systems with continuous variables. Space- 
time locations of local couplings are shown. When the non- 
local measurements are completed, the states of the two 
partides are interchanged up to the known shifts in q and p. 



qi(h) - qi{h) = a, 
Piih) -J>2(h) = b - 



(35) 



In Ref. |6J it is shown that these nonlocal "crossed" 
measurements "swap" the quantum states of the two par- 
tides up to the known shifts in q and p. Indeed, the states 
of the partides after completion of the measurements j35| ) 
are 



f/fe) 



*i(gi - a). 



(36) 



The state of particle 2 after t 2 , is the initial state of the 
particle 1 shifted by —a in q and by —b in p. Similarly, 
the state of particle 1 is the initial state of particle 2 
shifted by a in q and by b in p. After transmitting the 
results of the local measurements, a and ò, the shifts can 
be corrected by appropriate kicks and back shifts (even 
if the quantum state is unknown), thus complcting a re- 
liable teleportation of the state 1 í>i(qi) to ^i(q 2 ) and of 
the state ^> 2 (q 2 ) to * 2 (çi)- 

In order to perform nonlocal measurements of continu- 
ous variables (|35| ) a quantum channel is required. While 
for the case of spin-^ partides the quantum channel was 
an EPR(-Bohm) pair, for continuous variables the entan- 
gled state of the original EPR paper is required: 



Qx + Q2 = 0, 

Pí-P2 = 0, 



(37) 



where Q\ and Q 2 are continuous variables of the pair 
of auxiliary partides with corresponding conjugate mo- 
menta P± and P 2 . Two local von Neumann type interac- 
tions which can bc written in the interaction Hamiltonian 



H 



l(t-tx)Piqi-g(t-t 2 )P 2 q 2 , 



(38) 



with normalized and localized around zero g(t) lead to 
final state of auxiliary partides such that 



hf + Q2f = Qi(ti) - Q2(t 2 ). 



(39) 



Thus, local measurements of Q\ / and Q 2 / yield a (of Eq. 
(|35|)). Another EPR pair is needed for measuring b. 

A generalization of the BBCJPW scheme to the case 
of continuous variables is also possible. The quantum 
channel is again the EPR state (|37|). Now, an analog of 
Bell measurement for the systems with variables q which 
carries the quantum state and the auxiliary system with 
variable Qi is needed. While it is not easy to make gen- 
eralization of the Bell operator through definition of its 
eigenstates, it is straightforward to generalize Bell op- 
erator measurement from the two consecutive nonlocal 
measurements (|26| ) applied in the spin-^ partides case, 
to the following two consecutive nonlocal measurements 



q + Qi, 
V-Pi- 



(40) 



These measurements ends up in finding one of the 
"shifted" EPR states, where the shifts are the outeomes 
of the measurements: 



q + Qi = a, 
P-Pi=b. 



(41) 



At the end of this measurement the quantum state ^ (q) 
is teleported, again up to the known shifts, to the remote 
particle of the EPR pair, the state of which becomes 



*(Q 2 



(42) 



The final stage of this teleportation procedure consist of 
the appropriate back shifts of the state in Q 2 and P 2 
which result in transporting the quantum state ^(q) in 
site 1 to the same quantum state ^{Q 2 ) of a system in site 
2. Of course, this method, unlike the crossed measure- 
ments scheme, yields only one-way teleportation. Both 
methods transport not just pure states but also correla- 
tions, when the input particle is not in a pure state before 
teleportation. 

Surprisingly, reliable teleportation of continuous vari- 
ables seems to be possible to implement in a real labo- 
ratory. Braunstein and Kimblc made a realistic proposal 
for teleporting quantum state of a single mode of the 
electro-magnetic field [^ï|. This remar kable result is an 
implementation of the scheme described in the previous 
paragraph. In their methods q is "x"defined for a single 
mode of an elector-magnetic field, and correspondingly p 
is the conjugate momentum of x. The analog of the EPR 
state d37j ) is obtained by shining squeezed light with cer- 
tain x from one side and squeezed light with certain p 



9 



from the other side of a simple beam splitter. The ana- 
log of measurements ( fÏ0| ) is achieved using another simple 
beam splitter and homodyne detectors. The shifts in x 
and p which complete the teleportation procedure can be 
done by combining the output field with coherent state 
of an appropriate amplitudes fixed by the results of the 
homodyne measurements. Prcliminary experimental re- 
sults for such teleportation procedure has been obtaincd 
PH . Note also a very recent proposal Q for teleporting 
of a single-photon wave packet. 



VII. CONCLUSIONS 

We have shown that without "quantum-quantum" in- 
teraction one cannot perform complete measurement of 
Bell nondegenerate operator and therefore, one can- 
not perform reliable teleportation of photon polariza- 
tion states using method cmployed in recent experiments, 
i.e., experiments without quantum-quantum interactions. 
Therefore, another methods for teleportation have to be 
developed. Today's technology allows quantum-quantum 
interaction between àtoms and electro-magnetic field in 
cavities which makes teleportation schemes using such 
elements good candidates for implementation reliable 
teleportation. Various schemes are briefly analyzed, in 
particular, using the language of nonlocal measurement 
which proved to be helpful for such problems. Schemes 
for one- and two-way teleportation which seems to be 
easiest for implementation are proposed. 

We have discussed methods for teleportation of sys- 
tem described by continuous variables. One may see an 
apparent contradiction between the proof of Section [II 
that 100% efficient teleportation cannot be achieved us- 
ing linear elements and single-particle state detectors and 
the result of Braunstein and Kimble presented at the end 
of the last section according to which one can perform a 
reliable teleportation of quantum state of a system with 
continuous variables using beam-splitters and local mea- 
suring devices. Indeed, it is natural to assume that if 
reliable teleportation of a quantum state of a two-level 
system is impossible at certain circumstances, it is cer- 
tainly impossible for quantum states of systems with con- 
tinuous variables. However, although it is not immedi- 
ately obvious, the circumstances are very different. Therc 
are several differences. The analog of Bell operator for 
continuous variable does not have among its eigenval- 
ues four states of the general form (^) wherc ||) and 
||) signify some orthogonal states. Even more impor- 
tantly, the beam-splitter, a simple half-silvered mirror 
is not a linear element in the sense of Section [II. If 



to -j^(xi + x 2 ), essentially, the sum of the quantum vari- 
ables of the input port. The absence of such "quantum- 
quantum" interactions is an essential ingredient in the 
proof of Section [II. The beam-splitter, however, is linear 
for photons, but the homodyne detectors which measure 
x are not single-particle detectors for photons - using 
single-particle measuring devices is another constraint 
used in the proof. The Braunstein-Kimble method is not 
applicable directly for teleporting ^>(x) where x is a spa- 
tial position of a quantum system. Additional quantum- 
quantum interaction which converts continuous variable 
of a real particle to the abstract (although measurable) 
variable x of their method is required. 

The fact that Braunstein-Kimble method does not con- 
tradict the proof does not make the method less interest- 
ing. The task is to find feasible proposals for teleporta- 
tion. The reason why linear devices were considered in 
the proof is because usually it is more difficult to imple- 
ment nonlinear interactions in a laboratory. Half-silvered 
mirror, even if it can be considered as a nonlinear device 
in some sense, can be easily used in a laboratory. (The 
main experimental difhculty of the Braunstein-Kimble 
proposal is preparation of highly squeezed light, which is 
necessary for high-efhciency teleportation.) On the other 
hand, the fact that there are realistic proposals for tele- 
portation which do not fulfi.il the assumption of the proof 
of Section [II does not make the proof irrelevant. It still 



limits wide class of teleportation proposals, in particu- 
lar those in which quantum states are encoded in photon 
polarization or photon location. 

Although it is argued in this paper that current tele- 
portation experiments cannot lead to reliable teleporta- 
tion procedure and that for alternative proposals some 
technological tools are currently not available, we are 
optimistic about solution of the problem in a foreseen 
future. Much efforts made in this direction because tele- 
portation and related experiments are building blocks of 
quantum cryptography and quantum computation: the 
two extremely important fields which are on the verge of 
transformation from gedanken ideas to reality. 

The research was supported in part by grant 614/95 
of the Basic Research Foundation (administered by the 
Israel Academy of Sciences and Humanities) . Part of this 
work was done during the 1998 Elsag-Bailey Foundation 
research meeting on quantum computation. 



we do not send any "light" from one side of the beam- 
splitter, we still get the vacuum field from this port. The 
beam-splitter in Braunstein-Kimble experiment leads to 
"quantum-quantum" interaction: the variable x of one 
of the output ports of the beam splitter becomes equal 
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